aBSTracT: Current industry estimates of reproductive performance for cattle, sheep, and swine operations indicate that males contribute significantly to fertility failures. This appears to be due to the use of subfertile individuals and emphasizes the need for additional research in identifying characteristics of sperm that compromise fertilization. In theory, sperm characteristics, such as motility or the percentage of normal sperm, form a positive relationship with fertility that reaches a certain maximal fertility (i.e., an asymptotic relationship). It is clear that variation exists among males in terms of how fertility responds to increasing sperm dosage or numbers of normal sperm, both in the slope of the curve and the point at which the fertility reaches a maximum. Variations along the linear portion of fertility curves are due to compensable traits that are involved with the ability of sperm to penetrate the zona pellucida. It appears that most fertility curves reach their plateau when 70% of sperm possess a given compensable trait. The level of fertility at which the plateau occurs is determined by noncompensable traits that are associated with binding of sperm to the oolemma, syngamy, and subsequent development of the zygote. Several studies have shown differences in fertility among males that have similar levels of compensable traits but differed in their noncompensable characteristics. Compensable and noncompensable traits can estimate either individual or functional characteristics of sperm. Intuitively, functional traits such as in vitro penetration should provide a better indication of fertilization than individual ones such as motility. However, correlations of both types with fertility are very similar. Reasons for this may be related to how characteristics of sperm cells are influenced by the female reproductive tract after insemination. Sperm capacitation is a functional trait in boars that is quite different in vitro versus in vivo. If this relationship holds true for other traits, then development of tests that account for this variation are critical for further elucidation of sperm characteristics that limit fertility.
inTroducTion
Fertility failure can be caused by the male or the female. If the male is involved, then the quality of his spermatozoa immediately becomes suspect. As a result, research efforts have concentrated on identifying characteristics of sperm that are not conducive for optimal fertilization. Much progress has been made in this area because spermatozoa can be obtained easily, studied in vitro, and then used to breed numerous females to estimate their fertility. Therefore, it is tempting to speculate that reproductive failures in livestock are mainly due to problems with females because techniques are available to screen spermatozoa prospectively. This should allow for identification and use of only the most fertile males in breeding programs. The primary objective of this review is a critical evaluation of to what extent this speculation is true. It will attempt to estimate the contribution of males to the current levels of reproductive failure observed in the livestock industry and examine relationships between sperm characteristics and their usefulness 1 Based on a presentation at the Triennial Reproduction Symposium titled "Impediments to Fertility in Domestic Animals" preceding the Joint Annual Meeting, July [15] [16] [17] [18] [19] 2012 , Phoenix, Arizona. The symposium was sponsored, in part, by the The James Lauderdale Appreciation Club, The ASAS Foundation, Elanco Animal Health (Greenfield, IN), and Pfizer Animal Health (New York, NY), with publication sponsored by the American Society of Animal Science and the Journal of Animal Science.
for predicting successful fertilization events. Hopefully, the end result will be a relevant summary of what currently is possible in terms of identifying males that produce fertile spermatozoa and what needs to be done subsequently to enhance this process.
conTriBuTionS oF maleS To FerTiliTy Failure
Estimating the role of males in fertility failure is challenging because it requires that the same cohort of individuals breed females on different farms, preferably at the same time and under similar conditions. Obviously, this seldom occurs in practice. An alternative method of addressing this question is to use industry and research data to compare normal ranges in reproductive performance from entire herds or flocks with those reported for males. This approach is illustrated in Fig. 1 (NAHMS, 2012) , and swine (NAHMS, 2006; PigChamp, 2011; W. L. Flowers, unpublished data) . These data were obtained from various industry or government agencies that monitor livestock production. The top and bottom of each rectangle are the highest and lowest values, respectively, reported for an individual herd. The black bar in the middle is the unweighted mean for all the herds in each dataset. The black rectangles with white bars are fertility information from individual males presented in the same fashion. The majority of these data were obtained from controlled studies (Wierzbowski and Kareta, 1993; Codde and Berger, 1995; Correa et al., 1997; Flowers, 1997 Flowers, , 2002 Januskauskas et al., 2001; Grasa et al., 2005; Foxcroft et al., 2008; Berry et al., 2011) . It is important to recognize that the estimates of overall herd or flock fertility are more comprehensive, involve larger numbers, and were obtained from different sources compared with those for males.
Relative differences between these 2 sets of fertility data provide a qualitative estimate of the relative contribution of males to reproductive failure. In theory, if the range and mean for the entire herd are identical to that for males, then a reasonable conclusion is that males and females contribute equally to the reported fertility levels for that species. In contrast, if they differ, then it can be inferred that poor reproductive performance predominantly resides in one of the sexes, depending on the nature of the relationship.
For beef cattle and sheep, maximum fertility estimates are similar for herds and individual sires. However, the minimum values for bulls and rams are considerably less than those reported for their herd and flock estimates, respectively. A reasonable interpretation for this relationship is that bulls and rams contribute significantly to fertility failures because their minimums extend a significant amount arithmetically below those for the entire herd or flock. Natural service is the most common method of breeding for these 2 livestock species and, in general, breeding soundness examinations are not conducted routinely by most producers (Kennedy et al., 2002; NAHMS, 2009 NAHMS, , 2012 . Therefore, it is easy to understand how the use of subfertile males could occur routinely in commercial sheep and beef cattle operations.
The opposite appears to be true for dairy cattle. Estimates for the minimum levels of reproductive performance for dairy herds and bulls are similar whereas the maximum for dairy bulls exceeds that for the entire herd. The use of frozen semen in AI programs and young sire testing programs has allowed the dairy industry to assess male fertility accurately and use bulls with exceptional performance. Collectively, these observations provide support for the contention that dairy cows currently play a greater role in reproductive failure compared with dairy bulls.
For swine, farrowing rate and number of pigs born alive commonly are used as estimates of reproductive performance. For both, the upper and lower estimates for boars extend beyond those of the entire herd. This indicates that boars with both superior and inferior fertility are being used within the commercial sector. Even though AI is used to breed more than 80% of the sows in North America, most insemination doses are created by mixing ejaculates from several boars (Knox et al., 2008) . This practice makes assessment of individual male fertility impossible on a routine basis and has limited the swine industry's ability to use only the most fertile boars and eliminate their subfertile counterparts.
The information summarized in Fig. 1 provides credence for the conclusion that male fertility currently plays an important and limiting role in the reproductive performance on beef cattle, sheep, and swine operations. It appears that males with reduced fertility relative to females are used routinely in these livestock species. Conversely, the situation with dairy cattle represents a lost opportunity. Even though the average bull seems to be more fertile than the average cow, failure to use the very best individuals limits the optimum level of reproductive performance that is achievable. Each of these situations exists even though spermatozoa can be collected and studied in vitro before breeding and emphasizes the need to continue efforts to elucidate relationships between sperm characteristics and male fertility. Salisbury and Vandermark (1961) suggested that the relationship between semen characteristics and male fertility resembles an asymptotic curve with a positive slope. If semen quality is poor because the ejaculate contains high numbers of subfertile spermatozoa, then male fertility is low. Increasing the number of spermatozoa of the same quality or inseminating similar numbers of spermatozoa of greater quality results in a positive increase in reproductive performance. This response gradually diminishes until a plateau is achieved above which additional increases in sperm number or quality does not improve fertility. The physiological basis for this response is based on the concept that a finite number of competent sperm need to be transported to the oviduct to successfully fertilize ova. Hence, improvements in fertility will occur until this threshold level is reached. However, additional modifications of the insemination dose beyond this point do not enhance fertility because the optimal population needed for successful fertilization is already present in the oviduct. Saacke et al. (2000) and Braundmeier and Miller (2001) extended this concept when they proposed that the shape of male fertility curves was dependent on unique characteristics of the sperm trait being used to estimate semen quality. They suggested that sperm possessed traits that were compensable or noncompensable. Compensable traits are ones for which male fertility can be improved via the insemination of additional sperm and include characteristics that allow sperm to penetrate the zona pellucida, such as motility, normal morphology, and the ability to undergo capacitation and initiate an acrosome reaction. In contrast, male fertility is unresponsive to increases in spermatozoa that possess noncompensable traits. Noncompensable traits are thought to be associated with plasma membrane binding and DNA integrity, which affects syngamy and the subsequent development of zygotes.
eValuaTion oF male FerTiliTy
The concept of compensable and noncompensable sperm characteristics is intriguing and their existence might help explain some of the variation in reproductive performance commonly observed among males. It would be interesting to know their prevalence within the livestock industry. An attempt to do this is illustrated in Fig. 2 , which contains representative fertility curves from commercial boars. These data were obtained from a study in which insemination doses between 1 and 9 billion spermatozoa were made from the same ejaculate and used to breed sows on commercial farms. Fertility data from 180 boars were obtained in this way by breeding approximately 16,000 sows. The most common type of pattern observed (i.e., in 127/180 boars) resembled an asymptotic curve (left panel in Fig. 2) . Initially, number of pigs born alive increased as number of sperm inseminated increased but eventually reached a plateau. It is important to note that both the insemination dose and the actual litter size at which the plateau occurred varied considerably. There also were a significant number of boars (i.e., 45/180) whose fertility remained constant over the entire range of sperm doses studied (right panel in Fig. 2) . It is not known whether their fertility would have been reduced if less than 1 billion spermatozoa had been inseminated (but at some point, this probably would have occurred) or whether increasing the insemination doses above 9 billion spermatozoa would result in an increase in number born alive. However, based on the current slope of the curves, the latter appears unlikely. Nevertheless, it is clear that the fertility in these boars appears to follow a pattern that is consistent with noncompensable sperm traits.
The fertility curves observed in this population of commercial boars supports the idea that there are individuals whose fertility is due primarily to either Relationships between insemination doses and number of pigs born alive for selected commercial boars (mean ± 0.4 piglets). The left hand panel illustrates variation among boars with an asymptotic fertility curve in terms of the litter size and the insemination dose at which their plateau occurred. In contrast, the right hand panel illustrates boars that appeared to have linear response in terms of number of piglets born alive over the insemination doses tested. Twenty to twenty-five sows were inseminated at each insemination dose for each boar in the study. compensable or noncompensable sperm traits. The majority of these boars exhibited an asymptotic pattern, which indicates that compensable traits may be more relevant in terms of explaining differences in male fertility than their noncompensable counterparts. However, variation in the occurrence of the plateau among boars with an asymptotic pattern could also be considered as evidence for the involvement of noncompensable traits. The linear portion during which litter size increased along with insemination numbers definitely is a compensable response, yet the observation that the actual litter size at which the plateau occurred varied by as much as 4 piglets should not be overlooked. In essence, it means that sperm from some boars apparently possessed other characteristics that allowed them to produce additional piglets. This occurred over the same range of insemination doses and did not change as numbers of spermatozoa increased once the plateau was reached. This fits the definition for noncompensable traits.
Consequently, it seems plausible to speculate that differences in male fertility are achieved through a combination of compensable and noncompensable sperm traits as opposed to exclusively one versus the other. The compensable ones are responsible for how quickly the plateau is reached and the range over which these increases take place whereas noncompensable traits determine the actual level of fertility once the plateau has occurred. The fertility of males whose curve reaches a plateau at low sperm numbers primarily is dependent on noncompensable properties, which are important for fusion of the male and female pronuclei and their subsequent development. In contrast, fertility of their counterparts that have a prominent linear portion to their curves is dictated mostly by compensable traits that provide sperm the ability to penetrate the zona pellucida. Clearly, additional studies are required to verify these proposed relationships between individual fertility curves and compensable and noncompensable sperm traits.
Sperm cHaracTeriSTicS and FerTiliZaTion
Studying relationships between sperm traits and fertility is really an exercise in population dynamics. Sperm that eventually fertilize ova obviously possess all the necessary traits. Therefore, what is really being determined is what proportions of sperm in an ejaculate need to possess the characteristics of interest to optimize fertilization. Consequently, it is important for these studies to use populations of sperm that differ considerably in the trait being evaluated. Otherwise, it is easy to see how divergent conclusions could result based on the previous discussion concerning compensable and noncompensable traits. Summaries of selected studies that meet this criterion are presented in Fig. 3 and Table 1 . The compensable traits include motility in sheep and swine, normal head and tail morphology in swine, and the ability to initiate an acrosome reaction in dairy cattle (Fig. 3) whereas the noncompensable traits are estimates of plasma membrane characteristics and chromatin damage in swine and dairy cattle (Table 1) .
For the compensable traits, each study shows a positive increase in fertility as the proportion of sperm possessing the trait in the insemination dose increased. What is interesting is that for each of these, the level at which the fertility plateau occurred was close to 70%. All of these studies were conducted using an insemination dose commonly accepted as one that would maximize pregnancy rates. Hence, it probably was close to the point in the fertility curve where the plateau began and, as discussed previously, resulted in the greatest number of oviductal sperm. It is tempting to speculate that 70% might be a universal minimum requirement for compensable traits provided that the insemination dose fully populates the oviduct with sperm. Obviously, this possibility requires further study but, if correct, then it could simplify interpretation of semen quality results.
High correlations also exist between noncompensable sperm traits and fertility rates, which verify the importance of their involvement in the fertilization process (Table 1) . This is not surprising when the sequence of events that occurs during mammalian fertilization is considered (Yanagimachi, 1993) . Sperm initially must penetrate the zona pellucida via a combination of mostly compensable traits, such as motility and the ability to undergo an acrosome reaction. After this, they must possess the appropriate complement of membrane proteins that promote binding to the oolemma and deliver structurally competent DNA capable of combining with the female pronucleus. If either of these latter events is unsuccessful, then fertilization fails.
Several other aspects of the experimental design from these studies (Table 1 ) merit additional discussion because they provide additional insight into the usefulness of noncompensatory sperm traits as fertility tests. First, each study screened ejaculates for motility and morphology and only used those deemed to be in the normal range of greater than 70%. Therefore, the correlations reported probably are directly related to differences in the noncompensable traits being studied and not the result of potential confounding with compensable characteristics. Second, in the dairy cattle chromatin study, the overall pregnancy rate for cows bred to these bulls was 60 to 80%, which is very good compared with industry averages (see Fig. 1 ). This indicates that noncompensable traits might have potential for ranking of males prospectively deemed to have good fertility. An ideal situation would be to use some combination of compensable and noncompensable sperm traits to first eliminate subfertile males and then identify the superior individuals within the fertile population. Normal chromatin structure might prove to be useful in accomplishing this goal.
The majority of traits discussed previously ( Fig. 3 ; Table 1 ) rely on measuring a single characteristic that sperm possess. There are others, such as sperm binding and in vitro fertilization, that measure functional properties of sperm because they are a combination of many individual traits. Consequently, a reasonable assumption is that functional traits would be better at estimating the fertilization potential of sperm. An evaluation of this assumption using studies conducted in swine yielded some rather surprising results (Table 2) . Those associated with multivariate characteristics, such as in vitro fertilization, were no better than the ones measuring a single physical property of sperm, such as motility and normal chromatin structure. This observation has important implications. An underlying assumption for all of these tests is that the characteristics of sperm cells measured in vitro reflect what happens to them in vivo. It is clear that sperm-oviduct interactions are critical for reproductive success. What is not clear is whether all sperm traits are affected in a similar manner when they interact with the female reproductive tract after insemination. Results from 2 studies originally designed to study the effect of the capacitation environment on polyspermy may provide some insight into this question (Popwell, 1999; Popwell and Flowers, 2001) . In these studies, ejaculates were collected from boars and either processed for in vitro fertilization or used to inseminate sows. At selected times after insemination sperm were flushed from the oviducts of sows or removed from the in vitro system and evaluated. Progressive forward motility decreased over time in a similar manner in both environments but tended to be less for sperm recovered from the oviduct compared with those incubated in vitro (top panel in Fig. 4) . In contrast, capacitation occurred very quickly in vitro whereas a more protracted pattern was observed in vivo (lower panel in Fig. 4) .
These data help explain, in part, the lack of differences between univariate and multivariate traits in terms of their correlations with fertility, at least in swine. Estimations of progressive motility were similar between the in vitro and in vivo environments. When the motility Xu et al., 1998; Ruiz-Sanchez et al., 2006 Normal morphology, % Univariate, compensable 0.25 to 0.59 Xu et al., 1998; Ruiz-Sanchez et al., 2006 Normal chromatin, % Univariate, noncompensable 0.78 Evenson et al., 1994 Presence of sperm membrane proteins, % Univariate, noncompensable 0.45 Ash et al., 1994 Sperm without ubiquitin, % Univariate, noncompensable 0.31 to 0.38 Lovercamp et al., 2007 Sperm binding to oocyte, % Multivariate 0.35 to 0.80 Berger et al., 1996 In vitro fertilization,% Multivariate 0.35 to 0.47 Xu et al., 1998; Ruiz-Sanchez et al., 2006 of sperm is estimated after collection, this seems to be an accurate reflection of the population in the oviduct before fertilization. However, the time course over which capacitation occurred in the oviduct is quite different than what was observed in vitro. Therefore, it appears that the oviduct modifies some properties of sperm to a greater degree than others, thereby creating a much different population than was inseminated. It appears that secretions from oviductal cells are involved in this process because the time course over which capacitation of bovine sperm occurred in vitro was quite different when oviductal fluid was used to replace heparin in the incubation media (Parrish et al., 1994) . Consequently, a critical component missing from fertility tests is the ability to estimate how spermatozoa are altered by their interaction with the oviduct after insemination. This could very well be the most important limitation for the identification of sperm traits that influence fertilization success. Development of cell culture methodologies hold potential to address this deficiency, but whether binding to cells in vitro accurately reflects all the changes spermatozoa undergo in the oviduct remains to be determined (Rodriguez-Martinez et al. 2005) . There are some situations in which fertilization success appears to be limited even though sperm possess all the necessary fertility characteristics. An example of this is shown in Table 3 . Farrowing rates and number of pigs born alive for these three boars are exceptional, according to swine industry standards, and indicate that the sperm produced by each contain all the necessary traits for fertilization success. However, when sperm from each boar were mixed in equal amounts and used to breed sows, the paternity of the piglets was not evenly distributed. Instead, 1 boar sired the majority of the piglets whereas the other 2 produced considerably fewer. These paternity differences in response to heterospermic insemination can be viewed as failures of competently fertile sperm and point to the involvement of other factors that interact with sperm during fertilization. One of these factors that has been studied in detail is the presence of seminal plasma proteins. Seminal plasma proteins have been shown to influence many important processes associated with fertilization including regulating uterine function after mating (Rozeboom et al., 1998) , ovulation (Waberski, 1997), capacitation oviductal binding (Petrunkina et al., 2001) , and spermoocyte interactions (Caballero et al., 2008) . Moreover, when seminal plasma proteins from bulls (Cancel et al., 1997) and boars (Flowers, 1997) with high fertility were used to replace those from their less fertile counterparts, respectively, pregnancy rates were improved. In both of these situations, sperm characteristics normally measured during semen evaluations were not different between the 2 groups of males. As a result, there has been increased interest in using these as potential fertility markers for males. Specific seminal plasma proteins and their ability to influence the fertilization success of sperm from a variety of species have been reviewed by others. Even though they technically are not traits sperm possess, it does appear that the ability of sperm to respond to their presence does enhance fertilization success. Clearly, additional studies are needed to determine exactly how this happens and whether it is universal or species specific for males.
Summary and concluSionS
In summary, males play a significant role in fertility failures currently observed within the livestock industry. Hence, identification of sperm characteristics involved with successful fertilization events remains an important endeavor. The overall fertility of males appears to be the result of various combinations of compensable and noncompensable sperm traits. Compensable traits are ones associated with penetration of the egg membranes and respond positively to increasing numbers of sperm inseminated whereas noncompensable traits affect syngamy and the subsequent development of zygotes and are not affected by altering the insemination dose. Traits in each of these categories have a high correlation with fertility, so sperm most possess an adequate complement of each for successful fertilization. Compensable traits are needed first during fertilization and it appears that at least 70% of sperm should possess these traits for optimal results provided the insemination dose fully populates the oviduct with sperm. Once this occurs, variation in noncompensable traits becomes more important in explaining fertility differences. It appears that interactions between sperm and the female reproductive tract affect sperm traits differently and is one reason why multivariate traits, such as in vitro fertilization, do not provide many advantages over univariate traits, such as motility and morphology, in terms of predicting fertilization success. This observation is true for both compensable and noncompensable characteristics and emphasizes the need for a better understanding of how spermatozoa interact with the female reproductive tract after insemination. Finally, even when sperm appear to possess all the required traits for successful fertilization relative differences still exist. This observation provides credence for continued investigation into the role of nonsperm factors in semen such as seminal plasma proteins as potential mediators of traits that sperm require for successful fertilization.
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